We control the linear polarization of emission from the coherently emitting K þ and K − valleys (valley coherence) in monolayer WS 2 with an out-of-plane magnetic field of up to 25 T. The magnetic-fieldinduced valley Zeeman splitting causes a rotation of the emission polarization with respect to the excitation by up to 35°and reduces the polarization degree by up to 16%. We explain both of these phenomena with a model based on two noninteracting coherent two-level systems. We deduce that the coherent light emission from the valleys decays with a time constant of τ c ¼ 260 fs. DOI: 10.1103/PhysRevLett.117.077402 Atomically thin transition metal dichalcogenides (TMDCs), such as MoS 2 , represent a new class of semiconductors [1] [2] [3] . Their band structure exhibits an indirect to direct band gap transition, when the thickness is reduced to a monolayer (ML) [4] [5] [6] [7] [8] [9] [10] . The associated optical transitions are located at the K þ and K − points of the Brillouin zone [11] [12] [13] [14] [15] . The strong spin-orbit interaction combined with the broken inversion symmetry in a ML leads to distinct optical selection rules for the K þ and K − valleys. Excitation with left (right) circularly polarized light predominantly results in the photoluminescence emission of left (right) circularly polarized light ("valley polarization") [11] [12] [13] [14] [15] . For excitation with linearly polarized light, the radiation emitted from a ML under near-resonant excitation also has linear polarization oriented in the same direction as the polarization of the laser but only to a degree of ≈30%. This effect has been attributed to a superposition of coherently emitted σ þ and σ − polarized light from the K þ and K − valleys and has been termed "valley coherence" [16] [17] [18] . These properties render TMDCs promising candidates for optoelectronic applications such as LEDs [19] [20] [21] , single-photon emitters [22] [23] [24] [25] [26] , or conceptually new valleytronic devices [27] .
Since it is extremely difficult to control light with a magnetic field in vacuum [28] , magnetic [29] [30] [31] or conventional semiconducting [32] solid-state materials are widely used to mediate the interaction. In atomically thin semiconductors, an external magnetic field lifts the energy degeneracy of the K þ and K − valleys [ Fig. 1(a) ] by the so-called "valley Zeeman effect" [23, [33] [34] [35] [36] [37] [38] [39] . It results in a redistribution of carriers in the two valleys due to intervalley scattering causing a magnetic-field-induced valley polarization [34] [35] [36] 38] . Also, it reduces the degree of linear polarization of emitted light in ML WSe 2 under linearly polarized excitation [34, 37] . Here, we measure the photoluminescence of ML WS 2 at cryogenic temperatures (T ¼ 4.2 K) using linearly polarized light for excitation, in magnetic fields up to 30 T applied in Faraday geometry. Interestingly, we find that the relative angle between the polarization of the laser used for excitation and the photoluminescence emission of the A exciton drastically changes with an increasing magnetic field, accompanied with a decreasing polarization degree of emission. This behavior is explained with a model based on the coherent emission of σ þ and σ − polarized radiation from the Zeeman-split K þ and K − valleys. From our analysis, we deduce that the coherent emission from the valleys decays with a time constant of τ c ¼ 260 fs. WS 2 MLs are obtained by the mechanical exfoliation of single crystals onto a SiO 2 ð285 nmÞ=Si substrate. They are identified using optical microscopy and microphotoluminescence (μPL) spectroscopy [40] . Figure 1 
with the effective A exciton g factor g X and Bohr magneton μ B . We observe an increasing splitting with rising B [Figs. 1(c) and 1(d)]. A linear fit to the data in Fig. 1(d) provides an exciton g factor of g X ¼ −4.3, which is in good agreement with a recently reported value for CVD-grown WS 2 [39] .
To analyze the effect of the magnetic field on the valley coherence, the polarization state of the emitted light at the A exciton resonance is measured for a fixed linearly polarized excitation. The emission is analyzed for linear polarization, while the μPL spectra are measured in steps of 10°, covering the full 360°of the analyzer angle. The Faraday rotation of the linear polarization caused by optical elements is compensated by appropriately rotating the excitation polarizer (see Supplemental Material [41] ). Figures 2(a)-2(d) depict the integrated PL intensities of the A exciton as a function of the analyzer angle for different magnetic fields up to 25 T [see Supplemental Material ( Fig. S1 ) for all measured fields [41] ]. An angle of zero degrees denotes no rotation and is identical to the polarization direction of the pump laser. For B ¼ 0 T, the emission polarization has the same direction as the excitation (valley coherence effect) [16] . However, for B ≠ 0 T, the emission polarization direction rotates with respect to that of the excitation. In addition to the rotation, the linear polarization degree decreases with an increasing magnetic field [ Fig. 2(f) ]. The polarization degree is defined as ðI max − I min Þ=ðI max þ I min Þ, where I max and I min are the maximum and minimum intensities, respectively.
To understand these two striking effects, we analyze the exciton dynamics in the K þ and K − valleys, assuming that at time t ¼ t 0 a linearly polarized excitation (polarization axis y) creates an equal population of excitons in both valleys. We find in the experiment that the emitted radiation is only partially polarized (30% for B ¼ 0 T), which is in agreement with previous measurements [16, 17] . Therefore, we assume that the measured photoluminescence is a superposition of coherently emitted radiation with intensity I c and an incoherently emitted background with intensity I b , with the fraction of incoherent emission given by
While the coherently emitted radiation gives rise to the observed linear polarization, we expect the incoherent part to be unpolarized. To analyze the polarization behavior with an applied magnetic field, we describe the electric field associated with the circularly polarized, coherent part of the emission from the two valleys by damped harmonic oscillators, written in the Jones' vector form:
where E 0 denotes the amplitude of the emitted electric field at t ¼ t 0 . The electric field is assumed to decay monoexponentially with a characteristic damping time τ c . The resulting electric field of the emitted light from the ML measured at the detector will be the far-field superposition of the σ þ and σ − emission components from the K þ and K − valleys, respectively. It is calculated by the vector addition of Eq. (1) for the two valleys:
Therefore, the electric field in the far-field superposition contains two frequencies with a fast component ðE K þ þ E K − Þ=ð2ℏÞ, which depends weakly on the magnetic field, and a strongly magnetic-field-dependent slow component Fig. 3(a) , right]. In a quantum mechanical picture, this slow rotation represents the phase difference between the excitons in the K þ and K − valleys. The polarization pattern of the time-integrated emission is given by the sum of all polarization patterns at various times during the decay, taking their corresponding intensities into account.
In effect, the slow temporal rotation of linear polarization in the presence of a magnetic field causes a rotation of the time-integrated polarization state with respect to the zero field case, accompanied with a loss of polarization degree. In Figs. 3(b) and 3(c), we present two cases with a small and a large jΔEj. In the former case, the polarization vector rotates slower than the latter, as shown by the patterns at different times over the course of decay in Fig. 3(b) . Since the decay time is equal for both cases, a larger jΔEj causes more rotation and a greater loss of polarization degree [ Fig. 3(c) ]. In previous experiments, this decrease of linear polarization with the magnetic field was interpreted in context of a Hanle experiment and attributed to dephasing processes [34] . In our case, the reason for the decrease of polarization degree with an increasing magnetic field is the rotating polarization in the far-field superposition of the emission instead of fast exciton dephasing.
For a quantitative simulation of the analyzer-angleresolved light intensity for a given magnetic field B, the rotating electric field EðtÞ is projected on the transmission axis of the analyzer at an angle ϑ, which yields the angledependent electric field E ϑ ðtÞ. ½E ϑ ðtÞ Ã E ϑ ðtÞ is integrated over time to obtain I c;ϑ , which is proportional to the coherently emitted photoluminescence intensity as a function of analyzer angle ϑ. The measured intensity is given by the sum of I c;ϑ and I b =2: where the factor 1 2 in ðI b =2Þ accounts for the fraction of unpolarized background transmitted through the analyzer. The orange lines in Fig. 2 represent a global fit of our model to the measured data with τ c and b as the free parameters, while E K þ and E K − are obtained from Fig. 1 . The blue lines show the polarization patterns without an included incoherent background I b . A deviation from the ideal dipole pattern (i.e., for B ¼ 0 T) shows the effect of magneticfield-induced depolarization for B ≠ 0 T. Our model is in excellent agreement with the experimental data. The values obtained from the global fit are τ c ¼ ð260 AE 5Þ fs and b ¼ ð70 AE 0.3Þ%. The decay time τ c describes the damping of the coherently emitted radiation, which may originate from the decay of the exciton population as well as dephasing of the excitons in the single valleys. Hence, ð1=τ c Þ can be expressed as the sum of the inverse of the population decay time ð1=2τ pop Þ and the inverse of the pure exciton dephasing time ð1=τ dphs Þ [42] . τ c is comparable to the T 2 time of 250 fs, measured in photon echo experiments of a WSe 2 monolayer [42] . In addition, it has been shown that excitons in the light cone undergo ultrafast radiative recombination with a lifetime of about 150 fs in a WSe 2 monolayer using time-resolved terahertz spectroscopy [43] . In another study, a valley coherence decay time of 100 fs was measured in a WSe 2 monolayer using 2D coherent spectroscopy [44] . These values obtained for WSe 2 are of the same order of magnitude as our derived value in a WS 2 monolayer and recent theoretical predictions [45] . A significant fraction of the light emission arises from excitons scattered out of and back into the light cone due to intravalley scattering, causing much longer decay times (2-3 orders of magnitude) [43] . We believe that these excitons lose their phase information, whereas excitons directly recombining within the light cone emit coherently. Together with additional intervalley scattering, these processes contribute to the incoherently emitted background. This scenario is consistent with the obtained value for the incoherent background of 70%; i.e., only 30% of the excitons participating in the radiative recombination processes emit coherently.
Since the decay of exciton population as well as exciton dephasing contributes to the homogeneous broadening [42] , the derived decay time in our model may be directly translated into a homogeneous linewidth via a Fourier transform. A decay time of τ c ¼ 260 fs corresponds to a homogeneous linewidth of 2.5 meV. However, the measured linewidth of the PL spectra [ Fig. 1(b) ] is 14 meV, because the excitonic resonances are inhomogeneously broadened [42] . Inhomogeneous line broadening in TMDCs may occur due to local potentials, which change the energy as well as the phase of the emitted light. These potentials are likely to arise from local charges in the environment, local strain, impurities, or vacancies. In addition, they may also undergo random temporal fluctuations on slower time scales in comparison to the femtosecond emission dynamics. These fluctuations cause a loss of coherence of the emitted light. However, the emission from both valleys originating from the same spatial position is affected in the same way by the inhomogeneities. In this way, the coherence of the emission from within one valley (intravalley coherence) is lost, while the intervalley coherence is still preserved. To model the inhomogeneous broadening in our calculation, we extend Eq. (1) with a superposition of an ensemble of damped harmonic oscillators with different energies E i ¼ E K AE þ ΔE i , whose amplitudes follow a Gaussian distribution with σ ¼ 14 meV=ð2
ffiffiffiffiffiffiffiffiffiffi ffi 2 ln 2 p Þ centered at the exciton energies in Fig. 1(c) (see Supplemental Material for details [41] ). Since the contributions of inhomogeneous broadening are of an incoherent nature, their inclusion in the model has no influence on the interpretation of the decay dynamics. Hence, the fitting parameters obtained before remain valid. Photoluminescence spectra are calculated by a fast Fourier transform of the electric field obtained from our extended model including broadening effects [Eqs. (S1)], projected onto the transmission axis of the analyzer. Figure 4 shows a comparison of the experimentally obtained photoluminescence spectra as a function of the analyzer angle for a magnetic field of 25 T with the corresponding spectra obtained from the model. The general spectral features as well as a shift of the first intensity maximum to 35°are well reproduced by our model. Interestingly, the center of the photoluminescence emission experiences a slightly stronger magnetic-field-induced rotation of emission polarization than the wings. This is because the corresponding left and right circularly polarized emission components from both valleys are different in intensity as one moves from the center towards the wings of the emission spectrum [see Fig. 1(a) ].
In conclusion, we have demonstrated how an out-ofplane magnetic field affects the coherent light emission from the valleys in a WS 2 monolayer. The linear polarization state of the emitted light rotates with respect to the excitation polarization, and the degree of polarization is reduced with an increasing magnetic field. The observed phenomena arise due to the energy difference of the two emission components induced by the valley Zeeman splitting and depend on the decay time of the coherent emission. Therefore, an external magnetic field provides a way to manipulate the valley coherence via the valley Zeeman effect. However, the reported phenomena are of a general nature, because they are not limited to the material WS 2 and other mechanisms capable of lifting the valley degeneracy can be readily envisioned for controlling the valley coherence (e.g., the valley-selective optical Stark effect [46] ), even on femtosecond time scales. In addition, our work paves the way towards the control and readout of the phase between valley excitons, which is important for the realization of valleytronic devices.
